The objective of this study was to evaluate the effects of exercise training on plasma removal of a cholesterol-rich nanoemulsion (LDE) that mimics LDL lipid structure and binds to LDL receptors. LDE-derived cholesteryl ester plasma kinetics was studied in 24 exercise-trained and 20 sedentary male subjects. LDE labeled with 14 C-cholesteryl ester was injected intravenously and plasma samples collected over a 24 h period to determine radioisotope decay curves. LDL cholesterol concentration was similar in both groups. Fractional clearance rate (FCR) of the nanoemulsion label was greater in the exercise-trained group when compared to the sedentary group (0.138 ± 0.152 and 0.0261 ± 0.023 h -1 , respectively). A positive correlation was found (r= 0.60, p < 0.01) between FCR and VO 2 peak, in trained subjects. Circulating oxidized LDL levels were lower in trained subjects compared to the sedentary group (9.0 ± 2.0 and 16.0 ± 3.0 mU/L).
INTRODUCTION
The effects of exercise training on plasma lipoprotein profile have been well investigated. Exercise training usually tends to minimally decrease the concentration of fasting plasma triacylglycerols that mostly reflect the status of very low density lipoprotein (VLDL) and tends to increase the anti-atherogenic high density lipoprotein (HDL) fraction (17, 18, 19, 20, 33) .
In regards to low-density lipoprotein (LDL), one of the most important lipid risk factors for atherogenesis, exercise training does not substantially change the lipoprotein concentration. It may however, qualitatively change the lipoprotein particles. Exercise training decreases the small, dense LDL sub-fraction (40) as well as the susceptibility to oxidation (7,36) and oxidized LDL concentration (7,40).
These effects are recognized as consistently anti-atherogenic. The determination of the kinetics of LDL removal from the plasma is crucial in understanding the metabolic events and the quantitative and qualitative changes the lipoprotein undergoes while in the circulation. LDL plasma concentration is determined by the balance between the lipoprotein production rate and the lipoprotein removal rate from the plasma. LDL production comprises the hepatic synthesis of VLDL, LDL precursor lipoprotein and VLDL catabolism by lipoprotein lipase action, with the generation of LDL. LDL uptake by body tissues is mediated through cell membrane receptors that recognize apo B100, the vast majority of protein in LDL (5).
In previous studies, we showed that artificially made nanoparticles which resemble the LDL lipidic structure and were termed LDE may be used to explore the LDL intravascular metabolism. LDE lacks protein, but when it is injected into Page 3 of 29 the blood stream it acquires several small molecular weight apolipoproteins (apo), including apo E (22). Apo E allows LDE particles to bind to the LDL receptors, since those receptors recognize not only the apo B present in LDL, but also apo E that is not found in the LDL fraction (42) . This approach was validated in animal and human studies and has been shown useful to disclose alterations of LDL metabolism in several clinical conditions (14, 22, 24, 25, 26, 32, 37) . Conceivably, and differently from the metabolism of native LDL, genetic defects in the apo B structure affecting LDL binding to the receptors do not affect the removal from the plasma of LDE (11).
In this study, to determine whether or not exercise training alters the LDL intravascular metabolism we determined the kinetics of LDE labeled with cholesteryl ester in a group of exercise-trained and in sedentary subjects. Also sought were relationships between lipoprotein kinetics and changes in the LDL status by simultaneously measuring the concentration of oxidized LDL in the plasma. The possibility that trained muscle can take-up more LDE-cholesteryl ester than the untrained muscle was examined in control and LDL receptor knock-out mice submitted to or not to exercise.
METHODS

Study Population
Study subjects were healthy male volunteers aged 50 years. All were nonobese, non-smokers, non-alcoholics, non-diabetic, under no treatment with lipidlowering drugs and with no arterial hypertension. All were submitted to a clinical Page 4 of 29 and cardiopulmonary exercise evaluation before beginning the study. The two study groups were as follows:
Exercise-trained group: 24 amateur cyclists (mean age: 31+ 7 years; minimum 18, maximum 49 years), with an average training load of about 2 hour sessions, 3 -4 times a week. All trained individuals were oriented to abstain from any exercise training or other physical activities for at least two days before testing as exercise can acutely alter the plasma volume (39) . Only subjects that practiced one sport modality were included in this group because of the well-known sport modality dependent VO2 peak variability (34) .
Untrained group: 20 healthy sedentary men (mean age 38 + 6 years; minimum 19, maximum 50 years). Their jobs and dietary habits did not substantially differ from those of the exercise-trained group. They were also oriented to abstain from any sort of physical activity that would alter their usual sedentary routine for at least two days before testing. Table 1 shows that age and Body Mass Index were similar for the two groups. The experimental protocol was approved by the Ethical Committee of the University of São Paulo Medical School Hospital. An informed written consent was obtained from each participant.
Peak Oxygen Consumption
Maximal exercise capacity was determined by means of a maximal progressive exercise test on an electromagnetically braked cycle ergometer (SensorMedics, ergometrics 800, Yorba Linda, CA, USA), with work rate increments of 20W and 40W every minute at 60 rpm until exhaustion for exercise-trained individuals and sedentary normal controls, respectively. Oxygen uptake (VO 2 ) was determined by means of gas exchange on a breath-by-breath basis in a computerized system (SensorMedics, VMAX, Yorba Linda, CA, USA). The cycle ergometer was calibrated every 3-4 months. VO 2 peak was defined as the maximum attained VO 2 at the end of the exercise period, which was determined by the moment in which the subject could no longer maintain the cycle ergometer velocity at 60 rpm and achieved two of the following criteria: 1) a plateau or leveling-off in the oxygen uptake with increase of oxygen uptake of less than 1.5ml.kg -1 .min -1 or successive values within 5% of each other (30) despite progressive increases in exercise intensity every 60 s, 2) respiratory exchange rate of 1.1 or above (15) and 3) heart rate above 95% of the age-related maximum (27). ºC, for 30 minutes. All plastic materials were sterilized by ultra-violet light exposition. The risk due to the nanoemulsion injection is considered minimum and related to the consequences inherent to venous puncture. The risk of infection is minimum as well, since preparations were tested for sterility and absence of pirogen. Furthermore, the injected nanoemulsion volume was extremately small, which reduces the chance of pirogenic reactions.
LDE Preparation
Radiological Protection
The radioactive dose used in the intravenously injected labeled lipid experiments with the patients was in strict accordance with the International Commission on Radiological Protection (ICRP) (38), as described in our previous study (23). The equivalent dose induced by the injected radioactivity dose was 0.03 mSv, well below the permitted 50.0 mSv maximum dose.
Kinetic Studies
The test began at approximately 9 a.m. with all participants fasting for a 12 h period. One hundred uL of LDE containing 37 kBq The subjects were allowed to eat low fat meals which included grilled chicken and fish, vegetables, fruits and fruit juices on the evening before the test day and after the first blood collection and at about 1:00 p.m., since it has been demonstrated that low fat meals do not interfere with plasma removal of the LDE nanoemulsion (22). During the first 8 h of the sample collection, all the participants were resting in the laboratory test room and remained seated. They were then allowed to return home and come back to the laboratory the next day to collect the last (24 h) blood sample. They were oriented to rest at home.
Radioactivity in aliquots of 1,0 mL of plasma was quantified in a scintillation solution (PPO:dimethyl POPOP:Triton X-100:toluene, 5g:0.5g:333 mL:667 mL) using a liquid scintillation analyser (Packard beta spectrometer, model 1600 TR).
The fractional clearance rate (FCR) of the LDE 14 C-cholesteryl ester was calculated by compartmental analysis, using a computational program (28) ( Figure   1 ).
Fractional clearance rate (FCR) Estimation of the radioisotope
For each patient the kinetic activity-time curve was fitted to the mathematical model (19) defined by the sum of two exponential functions, i.e., 
Plasma Lipid Measurements
Starting at approximately 9 a.m. venous blood samples were collected of the participants after 12 hours fast in order to determine plasma lipid levels.
Total cholesterol (Boehringer-Mannheim, Penzberg, Germany) and triacylglycerols (Abbott Laboratories, IL, USA) were determined by commercial enzymatic methods, using an automatic instrument (Cobas Mira Plus, Roche, Basel, Switzerland). HDL cholesterol was determined by the same method used for total cholesterol after lipoprotein chemical precipitation. VLDL cholesterol and LDL cholesterol were calculated by the Friedewald formula (9).
Oxidized LDL Plasma Concentration
An EDTA-blood sample was collected in order to measure circulating levels of plasma oxidized LDL by enzime immunoassay (ELISA) kit, using a monoclonal antibody 4E6 (12) (Mercodia AB, Uppsala, Sweden).
Tissue LDE Uptake in Control and LDL Knockout Mice
Twenty-four male C57/6J and 11 LDL knockout mice (25-30 g) were obtained from the breeding facility of the Heart Institute. The mice received standard laboratory feed and tap water ad libitum and were housed in temperaturecontrolled rooms (22 ºC) under a 12 h dark/light cycle. Control and LDL knockout mice were randomly assigned to non-trained and trained groups.
Exercise training was performed on a motor treadmill at low-moderate intensity (~50-70 % maximal running speed) for one hour each day, 5 days a week for 4 weeks, with gradual increase in speed from 0.3 km/h to 1.2 km/h. All animals were adapted to the procedure (10 min/day; 0.3 km/h) for one week prior to the beginning of the exercise training period. After the adaptation, the animals assigned to the untrained group were placed on the stationary treadmill three times a week in order to provide a similar environment to that of the trained animals.
Untrained and trained mice were submitted to a maximal treadmill test as described in detail in a previous study (6). The tests were made at the beginning and at the end of the training protocol. The purpose was to determine in both mice groups aerobic capacity and exercise training intensity.
After the training session, LDE labeled with
Statistical Analysis
The Kolmogorov-Smirnov test was applied to verify the data distribution. The Student t test was used for normally distributed data, and the Mann-Whitney test for those with non-gaussian distribution.
The Student t test was used to evaluate the differences in plasma concentrations of total, LDL, VLDL and HDL cholesterol, triacylglycerols and in decay curves of nanoemulsion cholesteryl ester between trained and sedentary subjects, as well as, the differences in the percentage of hepatic and skeletal muscle LDE uptake per gram of tissue between trained and untrained mice. The Mann-Whitney test was used to compare the fractional clearance rate (FCR) of the emulsion label. Statistical significance was set at the p < 0.05 level and values were expressed as mean ± standard deviation (SD).
The plasma decay curves of nanoemulsion cholesterol ester of athletes and sedentaries were analyzed by two-way ANOVA with repeated measures.
When significance was found, post-hoc Scheffe's comparison was used to test the differences between conditions. Spearman correlation coefficients were used to evaluate the correlation between the 14 C-cholesterol oleate-FCR and total and LDL cholesterol.
For all comparisons, probability values of < 0.05 were considered statistically significant. Table 1 confirm better physical capacity of the trained individuals. Table 1 shows that the concentration of total and LDL cholesterol and plasma triacylglycerol concentrations did not differ between exercise-trained individuals and sedentary individuals. On the other hand, HDL cholesterol was higher in the trained individuals. In Table 1 , plasma concentration of oxidized LDL values are also shown. There was roughly two times more oxidized LDL in the plasma of the sedentary group than the trained group. Figure 2 shows the decay curves of the nanoemulsion cholesteryl ester for both groups. The two-way ANOVA with repeated measure test followed by Scheffe post-hoc comparisons showed that there was a significant difference between the curves of both groups. The nanoemulsion cholesteryl ester plasma decay was faster in athletes compared to sedentaries (p=0.0038). Table 1 
RESULTS
High VO 2 peak values displayed in
DISCUSSION
In this study, the removal from the plasma of LDE was markedly accelerated in the exercise-trained group when compared to the sedentary group. Since LDE is removed mostly by the LDL receptors (26), the mechanism underlying this effect is presumably through the induction by exercise of increased activity of LDL receptors. As long as we injected a standard preparation into the subjects, the effects on LDE FCR can only be ascribed to the mechanisms of LDL removal from the plasma and not to eventual differences in LDL composition that could affect the removal of the native lipoprotein (42) . We have shown that the radioactively labeled cholesteryl ester moiety of LDE behaves very similar to the labeled apo B of native LDL, although it is removed faster from the plasma than apo B (14,28,42).
It is worthwhile to point out that the removal of LDE from the plasma was greater in the exercise-trained subjects in spite of their LDL cholesterol values being similar to those of the sedentary group. This suggests that the increased removal of LDE and for extension of LDL could be compensated by an increased input of the lipoprotein into the plasma compartment. Therefore, exercise training can elicit increased LDL turnover, i.e., the LDL plasma pool is renewed more rapidly.
Jacobs et al (16) and Altena et al (1) examined the effects of exercise training on LDL cholesterol before and after a 9 week and a 4 week endurance training applied to sedentary subjects, respectively. In the first study (16) LDL cholesterol decreased by only 7%, whereas in the second study training had no effect whatsoever (1) . It is worthwhile to point out that the plasma volume may be expanded in trained subjects (39) , which could also tend to diminish the LDLcholesterol concentration.
The oxidation of LDL is involved in coronary artery disease (CAD) (12,13).
Although scavenger receptors are the main mechanism for oxidized LDL uptake, depending on the degree of oxidation, oxidized LDL may still be recognized by the LDL receptors (4). This study showed that the oxidized LDL levels in the exercisetrained were two times smaller than in the sedentary subjects. Regarding this issue, Sanchez-Quesada et al (35) found that aerobic exercise increased the LDL susceptibility to oxidation while Bergholm (3) reported that the susceptibility was unchanged. However, subsequent studies showed that either susceptibility to oxidation (7,36) or oxidized LDL concentration (7,40), are decreased in exercisetrained subjects, as did the present study. These findings do not appear to be directly mediated by increased antioxidant status (40) or by the ability of HDL to inhibit LDL oxidation (2). Thus, in view of our results, the hypothesis can be raised that, the smaller concentration of oxidized LDL can be due, at least in part, to the increased removal from the plasma and the increased turnover of the lipoprotein in the plasma compartment of exercise-trained subjects, as assessed by the LDE approach. It is conceptually valid to assume that in subjects with accelerated removal and increased turnover of LDL the lipoprotein would less prone to undergo deleterious changes such as increased plasma lipid oxidability and peroxidation.
Our results suggest that the greater LDL exposure to oxidation by the increased generation of reactive oxygen species during an exercise session (21) would largely be compensated by the increased renewal of the plasma pool of the lipoprotein. The overall result would be a net reduction of oxidized LDL in exercise trained subjects.
The presumable increase in LDL receptor expression in exercise-trained subjects could be taking place either in the liver, which is the main uptake tissue for both the native lipoprotein and for LDE (24) or in peripheral tissues such as muscle, that is directly affected either mechanically or metabolically by exercise training.
The current experiments show that the increase in LDE uptake by the skeletal muscle in trained control mice no longer persists in LDL receptor-knockout trained mice. It follows that this effect on the LDE uptake can be reasonably ascribed to an increase in LDL receptor activity due to exercise. This assumption is confirmed by the finding of decreased hepatic uptake of LDE in trained controls whereas in the LDL receptor knock-out mice the hepatic uptake was unaffected by training. This is an additional indication that in controls LDE is deviated to the muscle because of the increase in LDL receptor activity by training. The results from our animal experiments strongly suggest that the positive effect of the exercise training upon the LDE plasma clearance observed in our study subjects is due to increased uptake of the nanoparticles by the muscle.
It has been well established that a sedentary life-style is an important independent risk factor for CAD (31) . Furthermore, it has been suggested that exercise training is related to an attenuated progression of atherosclerotic lesions (29) . LDL receptor function has been considered a major anti-atherogenic factor. Therefore, our results offer a new mechanism to explain the role of exercise training in the prevention of cardiac disease. By increasing the LDL removal from the plasma, exercise training may promote the removal of the lipoprotein by the physiological LDL receptor endocytic pathway avoiding the scavenger receptor mediated macrophage uptake.
In conclusion, this study shows that sedentary subjects have greater difficulty in removing a nanoemulsion that binds to LDL receptors than do exercisetrained subjects, although the LDL concentration in the plasma shows no difference. The compared results of control and LDE-receptor knock-out mice suggest that the exercise-induced increase in LDE clearance observed in the cyclists was mediated by the LDL receptors. Consequently, it is possible that the LDL turnover in sedentary subjects is diminished in the absence of exercise training, thus exposing the lipoprotein to greater oxidative transformation. These observations may furnish an additional mechanism whereby a sedentary life style is an independent risk factor for CAD and exercise training a protection against the development of the disease. Competitively, fraction k1,2 CE of the injected lipid is converted into compartment 2 CE due to the incorporation of apolipoproteins available in the plasma.
Subsequently, the materials of this compartment is transferred to the extravascular space following the k2,0 CE route. The sampling, represented by triangle correspond to the indiscriminate combination of compartments 1 and 2. 
